Makalah ini membahas eksperimen dan analisis untuk mengetahui kelayakan alternator mobil sebagai generator turbin angin. Eksperimen dilakukan dua kali. Eksperimen pertama adalah karakterisasi alternator untuk menentukan rasio transmisi mekanik. Dalam eksperimen ini alternator diputar oleh mesin bubut dan daya keluarannya digunakan untuk mengisi baterai. Dalam eksperimen kedua, alternator diintegrasikan dengan baling-baling dan mengujinya sebagai satu kesatuan sistem. Simulasi kecepatan angin dilakukan menggunakan terowongan angin. Dalam kedua eksperimen tersebut pembangkitan listrik alternator dilakukan dengan metoda fixed excitation current. Korelasi antara karakteristik alternator dengan tip speed ratio menghasilkan rasio transmisi mekanik sebesar 1 : 3. Hasil pengujian menunjukkan bahwa efisiensi alternator sekitar 50% dan cut-in wind speed (setelah perhitungan koreksi) adalah 6.35 m/s. Kata kunci: alternator, mobil, fixed excitation current, turbin angin.
I. INTRODUCTION
The electrification ratio of Indonesia is 66% [1] . This coerces part of the society to fulfill their electricity self-reliance by utilizing surrounding potential energy sources. One of the attractive energy sources is wind energy since almost all of the components of small wind turbine can be easily made by small local workshops.
Among the components that are demanded to be found in local market yet bear high cost for still being imported is low speed generator. This condition has driven people to make use of any available and cheap generator types. One of them is car alternator.
Discussions on the feasibility of car alternator for wind energy system are still going on. Some conducted researches utilizing car alternator as generator in wind turbine system are [2] [3] [4] . Research [2] used a Windpro2004 wind turbine that could generate 163W electric power with wind speed around 9m/s and the selected gear ratio was 1:4. In the generator section, an excitation supply was provided as the generator exceeds a pre-determined speed (rpm) preserving the battery from draining unnecessarily. The field controller circuit automates this function. When the battery is fully charged and the rotor exceeds the safe rpm, a braking system is activated automatically by using a resistive dump load. Under the experimental conditions the wind turbine could generate 18.75 kWh per month at 4.8m/s of average wind speed.
In research [3] the car alternator is mechanically coupled to the shaft of a squirrel cage induction motor, which is controlled through an AC drive that simulates the variable speed wind. The old rectifier diode array of the alternator was replaced with the new one that not only providing a basic DC output but also incorporating both a field and an output voltage regulators in the same case. From the tests performed, 87% of overall system efficiency was obtained. This achievement is very good but there is no information on how much power consumed by the controller.
The rotor type used in [4] was of double step savonious rotors. In order to obtain power at low speed, the conventional car alternator winding was modified (rewound). The built prediction data for the prototype on mechanical power, rotational speed, nominal wind speed, and efficiency are 81 W, 386 rpm, 10 m/s and 29%, respectively. This paper will discuss the feasibility of car alternator for wind turbine application with fixed excitation current.
II. THEORY A. Car Alternator
It is already known that a car alternator usually starts producing electric power at a high speed which is around 1000 rpm [2] [4] [5] . However, an experimental work carried out in [3] shows the possibility for generating energy at low rotational speed, as illustrated in Fig. 1 .
In principle, alternators work similarly to generator, which is converting mechanical energy into electrical energy. In Indonesia, the term of "alternator" is frequently related to the automotive application while "generator" is for electric power plant.
Knowing the alternator characteristic is a very important point, particularly to match wind turbine and alternator speed in order to obtain the smallest gearbox ratio. Fig. 1 has a drawback since it does not present complete information particularly on the magnitude of the excitation current. In an automotive system, excitation current is drawn automatically by a voltage regulator. The lower the battery level, the higher the excitation current drawn by the regulator which leads to higher reverse torque.
The working principle of car alternator in more detail can be explained with the help of Fig.  2 . When the key is turned on, current from the ignition switch flows to the rotor through voltage regulator. Since the rotor is spinning, a pair of brushes that makes constant contact with two slip rings on the rotor shaft is required. This causes the rotor to become magnetized and the alternator is producing alternating current in the stator.
Afterward, the alternating current has to be converted to direct current by using a series of 6 diodes that are mounted in a rectifier assembly. The direct current leaves the rectifier through the B terminal. Connected to the B terminal of the alternator is a fairly heavy wire that runs straight to the battery.
Current generated by the ignition switch and flows in the field coil, is usually called as "field current" or "excitation current". The voltage Figure 2 . Typical alternator circuit.
regulator monitors the voltage coming out of the alternator and, when it reaches a threshold of about 14.5 volts, the regulator reduces the excitation current in the rotor to weaken the magnetic field. When the voltage drops below this threshold, the current flows to the rotor is increased.
There is another circuit in the alternator to control the charging system warning lamp that is on the dash. Part of that circuit is another set of diodes mounted inside the alternator called the diode trio. The diode trio takes current coming from the three stator windings and passes a small amount through three diodes so that only the positive voltage comes through. After the diodes, the wires are joined into one wire and sent out of the alternator at the L connection. It then goes to one side of the dash warning lamp that is used to indicate when there is a problem with the charging system. The other side of the lamp is connected to the run side of the ignition switch. If both sides of the warning lamp have equal positive voltage, the lamp will not light. Remove voltage from one side and the lights on to inform there is a problem.
For wind power application, the rising of excitation current will be sensed as a shocking break that could stop the blades from rotation and, when it frequently happens, damage the mechanical components such as bearing and shaft.
Therefore, in order to have smooth operation, it is better to set the excitation current at a certain value. An experiment is, therefore, required to find out the most appropriate excitation current from the torque and rotation point of views.
B. Tip speed ratio
In this research, tip speed ratio is one of the main parameters to determine gearbox ratio. The unavailability data of the tip speed ratio of the wind turbine used is approached using the graph showing a relationship between power coefficient c p and tip speed ratioλ, as illustrated in Fig. 3 . The wind turbine used is of three-blade types, so according to Fig. 3 , the corresponding tip speed ratio is in the range of 5 -11.
III. EXPERIMENT A. Alternator Performance Test
Ideally, a generator or a car alternator laboratory performance test is conducted by employing a set of AC or DC motor with speed controller as performed in [3] [8] [9] .
However, since such experiment set-up was not available in the laboratory, a lathe machine was utilized instead. This machine has speed setting of 220, 300, 400, 540, 720, 980, 1300 and 1800 rpm which means that the experiment speed variations are very limited. The experiment circuit is illustrated in Fig. 4 . The driver M is a lathe machine coupled directly with the alternator G. The alternator G has no technical specification except it is from MagnetiMarelli brand and for use in car Chrysler/Sinca. The DC power supply is functioned as excitation current injector to the alternator G so it can generate electricity.
The higher the excitation current, the higher the output power will be. All of the output power is flowed to the battery. At the beginning of the experiment the excitation current should be set at
Figure3. The graph of power coefficient c p vs. tip speed ratio λ.
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JMEV 02 (2011) 1-10 4 a certain value and the battery should be fully charged (±13V). As the experiment started, the battery is discharged by turning on the load (variable lamps), and at the same time the battery is charged by the alternator. The load is increased randomly until the battery voltage is down to 12V. This procedure is repeated with different excitation current and speed setting. Since generally car alternator starts generating electricity at around 1000 rpm, this speed is set to become the minimum speed for this experiment.
The power generation method of alternator under constant field excitation has also been carried out within [8] , giving better efficiency than internal regulator The other parameter measurement to obtain is the torque. The experiment set-up for torque measurement is shown in Fig. 5 , based on the method described in [10] . The shaft of alternator and lathe machine are coupled so that the alternator's body could hang freely ( Fig. 5(a) ). The imbalanced position of alternator due to fixation gives some force at no load condition (Fig. 5(b) ) F 0 = 0.6 N. Therefore, the measured force, F m , should be subtracted by this value to obtain the net force, F. The length of the arm (l) is 0.26 m. The recording of the torque is done along with the other electrical parameters, which are current and voltage at every load set.
B. Alternator Performance Test
There are a lot of data obtained from the alternator performance test but only one experiment setting, which is one speed with two excitation current, presented here to give a figure of mechanical power and efficiency calculations. Furthermore, the other data can be similarly calculated. The experiment result is shown in Table 1 .
Torque is calculated using equation [11] :
where l = the length of cantilever, and F = the net force obtained from (2) For simplicity, only the measured force presented in Table 1 , which is the net force directly involved in the calculation of efficiency. Mechanical power can be found as [12] . · ·
where n alt = rotational speed of alternator in rpm. Efficiency is obtained from:
Figure4. Circuit diagram of experiment. Figure6. Electrical power vs. excitation current at maximum efficiency.
Figure7. Torque vs. excitation current at maximum efficiency.
Figure8. Maximum efficiency at diverse rotational speed and excitation current.
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At every period of experiment there is always an achieved maximum efficiency, like 44.01% and 53.46% in Table 1 . The theoretical efficiency of a conventional car alternator is around 40 -60% [2] [8] and until 70% for nowadays alternator [13] . Moreover, the alternator characteristics represented by its all maximum efficiencies at every excitation current and speed setting are presented in Fig. 6 -8 . Fig. 6 & 7 show that with the same excitation current, the electrical power at 1850 rpm is always higher than the others. To obtain higher electrical and mechanical power with the same speed, the excitation current should be enhanced. However, referring to Eq. (3), the increase of mechanical power means the torque also becomes higher. For wind turbine application, this causes the increase of required wind speed to produce the same power output and of cut-in wind speed. While if the excitation current is small, high speed is needed to reach big power output. It can be achieved by installing a high transmission ratio which could lead to higher transmission losses so the wind turbine becomes inefficient. By implementing a controlled excitation current, some of the energy of the battery will be drawn by the controller, the delivered energy to consumers therefore is diminished. In this research, the excitation current is not controlled but is set at a certain point. Fig. 8 shows the efficiency graph of the generated power displayed in Fig. 6 & 7 . Unlike the power curve which tends to ascend, the efficiency curve shows little increase until a certain point but then almost flat and tends to decrease due to core saturation [14] .
C. Alternator Characteristic -Tip Speed
Ratio Correlation It is already known that the ratio of mechanical transmission will affect directly to the wind turbine system performance. The higher the ratio, the higher the starting torque and the maximum power reached. The other way will be if the ratio is lower. Since in wind turbine system the mechanical transmission connecting rotor blades and electric generator in which each has its optimum characteristic that should be maintained, therefore, the ratio of mechanical transmission should be able to meet as lowest cut-in wind speed or starting torque as possible and as highest maximum power as possible
In this research, the mechanical transmission employed is pulley belt for cost and ease of manufacture considerations. The calculation of pulley ratio is approached with assuming:
1. the tip speed ratio λ is in the range of 5 -11 ( Fig. 3)  2 . the wind speed V wind is between 3 -6 m/s (the most average wind speed in Indonesia's regions [15] ) The correlation between wind speed and tip speed ratio is expressed as [12] 
with R = radius of rotor blade = 0.85 m.
Eq. (5) shows the reverse correlation between λ and V wind and the proportional correlation of the shaft speed n and λ.
However, from Fig. 2 and Eq. (5), it cannot be determined surely the value of lambda and c p since they always change with the change of the wind. Therefore it is made a hypothesis: "If the wind speed increases the rotation of the wind turbine will also increase and the extracted power will increase as well. The increase of power causes the increase of the load (current flowing to the battery), which will generate an adverse torque to the rotor shaft and consequently decreases the rotation of the wind turbine so that it will always go back to the maximum value of c p ". Hence, the correlation among them can be illustrated as shown in Fig. 9 . Figure 9 . Correlation among wind speed, alternator speed, lambda, and power coefficient.
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The minimum blade shaft speed n wt is obtained by substituting the minimum value of λ and V wind into Eq. (5):
The minimum gearbox ratio is found as:
gearbox ratio min .
2.697
Similarly, the calculation is conducted for the maximum gearbox ratio, yielding 5.3 with the blade shaft rotation of 337 rpm. From both options, the smaller gearbox ratio (rounded up to 3) is chosen by considering the transmission losses.
Refering to the alternator experiment result and the pulley ratio calculation, the excitation current is set to 1.6 A and little higher at 1.7 A in order to gain big power output. The starting torque is not taken into account as the system will be simulated using wind tunnel.
D. Wind Turbine Performance Test
After getting the alternator characteristic and choosing the suitable transmission ratio, the alternator is then integrated to the wind turbine to be tested as a unity system. The experiment method for wind turbine system is similar to that of the alternator except the lathe machine is substituted by the wind tunnel. The wind turbine experiment set-up is illustrated in Fig. 10 . Relating to Fig. 8 , a DC power supply is employed to inject excitation current to the alternator with the magnitude of 1.6 A and 1.7 A for each experiment. The load is battery with initial voltage about 12V. The experiment is started by blowing wind from wind tunnel, turning the rotor blades. The data are recorded when the blade rotation is considered stable, covering the rotor shaft speed, battery current and voltage. The wind speed is gradually increased by 0.5 m/s until the battery voltage has reached around 13V. At every speed setting, the same data is recorded.
The considered maximum wind speed is when the system becomes unstable. At this point the experiment is ended to avoid damage. 
E. The Experiment Drawback
The experiment drawback is that the dimension of wind tunnel is smaller than that of the rotor blades. This causes not all of blade area swapped by the wind blown from the tunnel. Both dimensions are illustrated in Fig. 11 .
The power of the wind is calculated using [16] :
where ρ = air density (1.25 kg/m3), R = blade radius = 850 mm, V wind = wind speed, C p = power coefficient. Due to the mismatch dimension, the swapped blade area (πR 2 in Eq. (6)) is amended by the wind tunnel area. The ratio of the ideal wind power generated by wind turbine P wT to the wind power after being corrected by wind tunnel area P w(experiment) is:
2.27 0.8 2.8 Figure 11 . The mismatch dimension between the wind turbine and wind tunnel.
The ratio of 2.837 means that with the same wind speed, the power generated by actual wind speed is higher than that of the wind tunnel (experiment). The power correction does not take into account the blade aerodynamic factor. To find out the magnitude of the equity of terrain wind speed, the approach calculation is as follows: 
IV. RESULT AND DISCUSSION
The graphs of the power curve and wind turbine efficiency are illustrated in Fig. 12 . The displayed wind speed is terrain wind speed calculated using Eq. (7). Fig. 12 shows that there is no significant difference between the excitation current 1.6A and 1.7A in yielding the power; even the two curves are close together. The cut-in wind speed arises at about 6.35 m/s, much higher than that of the commercial wind turbine which is in the range of 2.5 -3 m/s. If the cut-in wind speed is required to be smaller, then the excitation current should be decreased. However, it will reduce the achieved maximum power, as shown in Fig. 6 . If the efficiency of alternator and mechanical transmission are assumed to be 55% and 90% [17] respectively then the efficiency of the wind system is 49.5%. Figure 12 . The experiment result of the capacity of the wind turbine. 
